In India tea grows in wide amplitude of climatic variables, at latitudes from 8° 12′ to 32° 13′ N. In north east India tea is planted in the Brahmaputra and Barak Valleys of Assam, plains of Dooars and Terai and Darjeeling hills in north Bengal ([@b23-ppj-31-278]). Tea is manufactured from young leaves of the tea bush (*Camellia sinensis* (L.) O. Kuntze), hence foliar diseases are of great concern ([@b48-ppj-31-278]). Among leaf diseases, grey blight caused by *Pestalotia theae* is an economically important disease, which has been reported from all major tea growing countries of the world ([@b40-ppj-31-278]; [@b60-ppj-31-278]). This disease generally affects mature leaves, bare stalks and young shoots leading to massive crop loss ([@b47-ppj-31-278]). In recent years the disease has emerged serious problem in southern India resulting in a 17% crop loss. The causal agent of this disease gains entry through the cut leaves and stems in the shear or machine harvested fields ([@b2-ppj-31-278]).

Dieback disease caused by *Fusarium solani* is an emerging primary tea disease which has been reported from North Eastern tea growing region of India. The pathogen causes blackening of the leaves, which gradually extend to the nodes and inter-nodes, followed by wilting ([@b6-ppj-31-278] and <http://www.tocklai.org/activities/tea-cultivation/diseases/>).

In tea, wide variety of fungicides with different modes of action is being used for the control of leaf diseases ([@b40-ppj-31-278]). The control of plant pathogens in soil with some synthetic fungicides has been creating problems of fungi resistance, ecosystem imbalance by toxic effects of residues and human and animal health hazards ([@b26-ppj-31-278]). These problems can be effectively countered by the use of antagonistic microorganisms as biocontrol agents for combating plant diseases ([@b12-ppj-31-278]). In this regard interaction between antagonists and phytopathogens has been studied comprehensively. Fungal diseases of various crops have been successfully controlled by the application of bacterial and fungal antagonists ([@b7-ppj-31-278]), but only a few studies were done on biological control of tea diseases. *Trichoderma* species is considered to be one of the most promising microbes for biological control for possessing different mechanisms of action against plant pathogens, including competition of nutrients, mycoparasitism and antibiosis by hydrolytic enzymes namely chitinases, β-glucanases and proteinases ([@b36-ppj-31-278]; [@b59-ppj-31-278]). The effects of extracellular enzymes in phytopathogenic fungi include degradation of the cell walls and forming holes ([@b22-ppj-31-278]). The *in vitro* antagonism of *Trichoderma* and *Gliocladium* sp. against certain primary root pathogens of tea ([@b1-ppj-31-278]) as well as their bio formulations efficacy in controlling some primary and secondary root diseases ([@b5-ppj-31-278]), thorny stem blight ([@b9-ppj-31-278]) and Phomopsis canker ([@b43-ppj-31-278]) have been reported.

But so far no significant studies pertaining to biocontrol agents have been conducted to control the fungal pathogens responsible for foliar diseases of tea. Therefore, the present study was taken up to explore the antagonistic potential of native *Trichoderma* strain against isolates of *P. theae* and *F. solani* causing grey blight and dieback disease of tea respectively. Moreover, five standard phytopathogenic fungi were also included in the study to reveal broad spectrum antagonism of the *Trichoderma* strain, an aided property for commercial viability of any biocontrol agent.

Materials and Methods
=====================

Fungal strains and culture conditions
-------------------------------------

Twenty one isolates each of *P. theae* and *F. solani* were obtained from Plant Protection Division, Tocklai Experimental Station, Tea Research Association, Jorhat (India). The other five phytopathogenic fungi namely *Colletotrichum gloeosporioides* MTCC 3439, *Colletotrichum lindemuthianum* MTCC 8474, *Colletotrichum capsici* MTCC 3414, *Curvularia senegalensis* MTCC 8463 and *Alternaria alternata* MTCC 8459 were procured from Microbial Type Culture Collection Centre (MTCC), Chandigarh, India. All the test fungi were grown on potato dextrose agar (PDA) (Himedia Laboratories Pvt. Ltd., India) plates and incubated at 28 °C for 4--6 days. Stock cultures were maintained on PDA slants and stored at 4°C.

Isolation of soil-borne *Trichoderma*
-------------------------------------

Twenty random rhizosphere soil samples were collected from different tea gardens of Assam, north eastern region of India and stored in sterile plastic bags. The soil samples were air dried and isolation was done by the serial dilution technique ([@b27-ppj-31-278]). Morphologically distinct colonies were picked on the basis of their morphology (Kubicek and Harman, 2002) and purified on PDA.

Screening of antagonistic activity of *Trichoderma* species
-----------------------------------------------------------

All the isolates of *Trichoderma* were screened for their *in vitro* antagonism against tea fungal pathogens namely *P. theae* and *F. solani* by dual culture technique ([@b10-ppj-31-278])*.* Briefly, 5 mm disc of both the fungi (*Trichoderma* sp. and phytopathogenic test fungus) were placed on PDA plate about 2.0--2.5 cm away from each other. The plates were incubated at 28°C. Inhibition of the test phytopathogenic fungi was determined by the percentage of mycelia growth inhibition in cm calculated by the formula:
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Where r~1~ was the radial growth of pathogen without *Trichoderma* sp., r~2~ represents the radial growth of pathogen with *Trichoderma* sp. All treatments were conducted in quintuplicates ([@b21-ppj-31-278]).

Morphological characterization and molecular identification of the antagonist
-----------------------------------------------------------------------------

Initial the identification of *Trichoderma viride* designated as strain SDRLIN1 was done on the basis of its colony and microscopic morphology (Kubicek and Harman, 2002). Further species level identification was confirmed by ITS rDNA sequencing. The 550 bp fragment of ITS rDNA was amplified in a thermo cycler (Bio Rad Model C1000™, USA) by using universal primers of ITS1 (5′ TCC GTA GGT GAA CCTTGC GG 3′) and ITS4 (5′ TCC TCC GCT TAT TGA TAT GC 3′) under the condition: initial denaturation at 95°C for 5 min, 35 repeat cycles of 94°C for 45 sec, 60°C for 30 sec, 72°C for 45 sec and final extension at 72°C for 5 min. The PCR product was directly sequenced by a Sanger's Dideoxy method on an Applied Biosystems 3730XL sequencer (Biolinkk, New Delhi, India). Homology of ITS rDNA sequence of the isolate was analysed using BLAST program from Genbank database (<http:www.ncbi.nlm.gov/BLAST/>) and highest matching sequences were downloaded. The ITS rDNA sequence of SDRLIN1 was aligned with these sequences using the program CLUSTALW2 ([@b58-ppj-31-278]). MEGA 6.0 software was used to carry out phylogenetic analyses of the alignment using the Neighbour-Joining statistical method and Jukes and Cantor substitution model ([@b56-ppj-31-278]).

Evaluation of antagonistic activity of *Trichoderma* strain SDRLIN1
-------------------------------------------------------------------

*In vitro* antagonistic activity of the strain SDRLIN1 was evaluated against *P. theae* (n=21), *F. solani* (n=21), *C. gloeosporioides* MTCC 3439, *C. lindemuthianum* MTCC 8474, *C*. *capsici* MTCC 3414, *C. senegalensis* MTCC 8463 and *A. alternata* MTCC 8459 by dual culture technique as described previously. All treatments were conducted in quintuplicates.

Evaluation of cell free culture filtrates for antagonistic activity
-------------------------------------------------------------------

To prepare the cell-free culture filtrate, the antagonist was cultured in potato dextrose broth (Himedia Laboratories Pvt. Ltd., India) and incubated at 28°C on shaker incubator (150 rpm). Incubation period ranging from 8 to 24 days was assessed to determine the effect of incubation period of active metabolite production by SDRLIN1. Cell-free supernatants were collected at 2-days' intervals by aseptic filtration through Whatman filter paper no. 44 followed by re-filteration through 0.20 μm cellulose acetate syringe filter. The growth inhibitory effects of the extracellular metabolites from culture filtrates were estimated by using the radial growth inhibition assay on PDA containing 50% (v/v) cell free filtrate. Fungal growth inhibition was expressed as the percentage of radial growth inhibition relative to the control ([@b3-ppj-31-278]).

Quantitative determination of extracellular enzyme activities
-------------------------------------------------------------

The strain SDRLIN1 was grown in potato dextrose broth with continuous shaking (150 rpm) at 28°C for 24 days. Cell-free supernatants were collected from 8 days incubation period, at 2-day intervals as described previously. Proteases activity was determined by [@b32-ppj-31-278] method using 1% casein in 50 mM phosphate buffer (pH 7.0). The absorbance of liberated tyrosine in the filtrate was measured at 750 nm. Cellulase activity was measured following the method of [@b38-ppj-31-278] with 0.5% pure cellulose (Sigma Co. USA) suspended in 50 mM phosphate buffer (pH 5.0). The absorbance was measured at 540 nm and the amount of reducing sugar released was calculated from standard curve of glucose. The β-1,3-glucanase activity was assayed according to the method of [@b52-ppj-31-278] with slight modifications, using laminarin from *Laminaria digitata* (Sigma, USA) as substrate. The amount of glucose released by the action of β-1,3-glucanase enzyme was measured by using dinitrosalicylic acid solution ([@b38-ppj-31-278]). Pectinase activity was assayed with pectin as substrate. The reaction was terminated by adding 1 ml 3,5-dinitrosalisylic acid (DNSA) reagent. The absorbance was then measured at 575 nm and the amount of released reducing sugar was estimated ([@b33-ppj-31-278]). Chitinase activity was quantitatively determined by measuring the reducing end group of N-acetyl glucosamine (NAG) (Imoto, 1971) that degraded from colloidal chitin as substrate. Finally the estimation of chitinase activity was carried out by procedure described by [@b57-ppj-31-278]. The amylase activity of the culture filtrate was determined by using 1% starch substrate, prepared freshly in 0.1M phosphate buffer (pH 6.0) as described by [@b55-ppj-31-278].

Effect of cell free culture filtrate on fungal hyphal morphology
----------------------------------------------------------------

All the test phytopathogenic fungi namely *P. theae*, *F. solani*, *C. gloeosporioides* MTCC 3439, *C. lindemuthianum* MTCC 8474, *C*. *capsici* MTCC 3414, *C. senegalensis* MTCC 8463 and *A. alternata* MTCC 8459 were independently cultured on the surface of microscopic slides covered with thin (5.0-mm-thick) layers of PDA containing 50% (v/v) cell-free culture filtrate of 20 days old culture of the strain SDRLIN1. Simultaneously, each test fungus was also grown on a PDA layer as a control. The inoculated slides were incubated at 28°C for 3 days. The fungal hyphae present on the slides were stained with lactophenol cotton blue dye (Himedia Laboratories Pvt. Ltd., India), and subsequent changes in the morphology of young emerging hyphae were observed using a light microscope (40×) ([@b45-ppj-31-278]).

Effects of proteinase K and heat on the antifungal activity of cell free culture filtrate
-----------------------------------------------------------------------------------------

To assess the stability of the extracellular metabolites, 20 days old culture filtrates of strain SDRLIN1 were either treated with 0.1 mg/ml proteinase K (Thermo Scientific, Lithuania) at 37°C for 60 min or boiled for 45 min. The inhibitory effect of treated culture filtrates on the radial growth of *P. theae*, *F. solani* and *C. lindemuthianum* MTCC 8474 was determined as described above.

Mycoparasitic behavior of Strain SDRLIN1
----------------------------------------

Mycoparasitism of the SDRLIN1 against test fungal phytopathogens was studied using slide culture method. Inocula from the antagonist and test fungus were placed 1 cm apart from each other on the surface of microscopic slides covered with thin (5.0-mm-thick) layers of PDA. The inoculated slides were incubated at 28°C for 3--5 days. At the end of the incubation period, regions where the hyphae of *Trichoderma* met the hyphae of the pathogen were observed under a light microscope for the presence of coil formation and penetration structures, or wall disintegration ([@b35-ppj-31-278]).

Statistical analysis
--------------------

The means and standard deviations of the inhibition levels, radial growth and activities of proteases, cellulase, β-1,3-glucanase, pectinase, chitinase and amylase were calculated. Data were analysed by one-way analysis of variance (ANOVA) using GraphPad Prism 5. Significant differences (*p* ≤ 0.05) between the means were determined by unpaired t test and Tukey's multiple comparison test.

Results
=======

Screening of *Trichoderma* sp. against tea phytopathogenic fungi
----------------------------------------------------------------

Out of the total 49 isolates of *T.* sp., only 8 of them showed antifungal antagonistic activity *in vitro* dual plate assay against tea phytopathogenic fungi namely *P. theae* and *F. solani*. However, only one isolate designated as SDRLIN1 exhibited the maximum inhibitory activity against both test phytopathogenic fungi ([Fig. 1A and 1B](#f1-ppj-31-278){ref-type="fig"}).

Identification of *Trichoderma* species and phylogenetic analysis
-----------------------------------------------------------------

The strain SDRLIN1 was identified as *Trichoderma viride* (*Hypocrea rufa*) on the basis of its structural and morphological characteristics ([Table 1](#t1-ppj-31-278){ref-type="table"}). The ITS rDNA sequence analysis of the antagonist further confirmed the species identity. The sequence of the strain was submitted to Genbank with the accession number JX960646. The phylogenetic tree obtained by sequence analysis of ITS rDNA of strain SDRLIN1 and of 15 *Trichoderma* spp. obtained from NCBI, GenBank is represented in [Fig. 2](#f2-ppj-31-278){ref-type="fig"}.

Antifungal activity of *Trichoderma* strain SDRLIN1
---------------------------------------------------

*In vitro* dual culture assay clearly demonstrated the broad spectrum antifungal activity of the strain SDRLIN1. The radial growth inhibition of isolates of *P. theae* (n=21) and *F. solani* (n=21) was ranged from 32% to 71% and 42% to 76% respectively ([Table 2](#t2-ppj-31-278){ref-type="table"}). The inhibition activity of the antagonist against other test fungal phytopathogens namely *C. capsici* MTCC 3414 (65.7%), *A. alternata* MTCC 8459 (56%), *C. senegalensis* MTCC 8463 (55.1%), *C. lindemuthianum* MTCC 8474 (54.7%) and *C. gloeosporioides* MTCC 3439 (51.1%), was also found significant ([Table 3](#t3-ppj-31-278){ref-type="table"} and [Fig. 3](#f3-ppj-31-278){ref-type="fig"}).

Inhibitory effect of extracellular metabolites in cell free culture filtrates
-----------------------------------------------------------------------------

20 days old cell free culture filtrate of the antagonist SDRLIN1 showed maximum inhibition activity against all the test fungal phytopathogens at 50% (v/v) concentration. The antagonistic activity was increasing in the exponential phase and was noted highest in the stationary phase ([Fig. 4](#f4-ppj-31-278){ref-type="fig"} and [Fig. 5](#f5-ppj-31-278){ref-type="fig"}). The reduction in the radial growth of isolates of *P. theae* (n=21) and *F. solani* (n=21) was ranged from 40% to 72.7% and 46.6% to 73.3% respectively at 50% (v/v) concentration of the stationary culture filtrate ([Table 2](#t2-ppj-31-278){ref-type="table"}). Similarly 69%, 68.7%, 53.1%, 22.2% and 18.9% reduction of mycelial growth were observed for *A. alternata* MTCC 8459, *C. lindemuthianum* MTCC 8474, *C. senegalensis* MTCC 8463, *C. gloeosporioides* MTCC 3439 and *C. capsici* MTCC 3414 respectively ([Table 3](#t3-ppj-31-278){ref-type="table"}).

Activity profile of extracellular enzymes of the potent antagonist SDRLIN1
--------------------------------------------------------------------------

The activity of extracellular cellulase, pectinase, β-1,3-glucanase, amylase, proteases and chitinase was determined at different growth phases from 8 days to 24 days at 2 days of interval. There was no cellulose, pectin, casein, laminarin, chitin or related substrate containing in the PD broth. The highest activity of extracellular enzymes namely cellulase (170.82 IU/L), pectinase (168.43 IU/L), β-1,3-glucanase (90.63 IU/L) and amylase (16.51 IU/L) was noted at 8 days of incubation period. The activity of the respective extracellular enzymes decreases gradually in the subsequent incubation periods. Contrary to this, the activity of proteases (20.61 IU/L) and chitinase (6.91 IU/L) was noted maximum at 20 and 14 days of incubation period respectively followed by subsequent decrease in the later phase of growth ([Fig. 6](#f6-ppj-31-278){ref-type="fig"}).

Effect of extracellular metabolites on fungal hyphal morphology
---------------------------------------------------------------

Light microscope investigation revealed that extracellular metabolites in the culture filtrate of the antagonist produced cellular alterations in hyphal morphology including hyphal distortion, swelling and cytoplasm aggregation of the test phytopathogenic fungus ([Fig. 7](#f7-ppj-31-278){ref-type="fig"}).

Stability of extracellular antifungal metabolites
-------------------------------------------------

The antifungal activity of proteinase K treated culture filtrate of the antagonist against *C. lindemuthianum* MTCC 8474, *F. solani* and *P.theae* was 53.08%, 47% and 33.69% respectively as compared to 68.16%, 59.9% and 62.56% correspondingly with the untreated culture filtrate. However, more reduction in the antifungal activity of heat treated culture filtrate against *C. lindemuthianum* MTCC 8474 (22.42%), *F. solani* (35.0%) and *P.theae* (31.26%) was observed. But either of the treatment does not completely reduced the inhibition property of the 20 days old culture filtrate of the strain SDRLIN1 ([Fig. 8](#f8-ppj-31-278){ref-type="fig"}).

Interaction of antagonist with the fungal phytopathogens
--------------------------------------------------------

SDRLIN1 showed parasitic behavior against all the test fungal phytopathogens namely *P. theae*, *F. solani*, *C. gloeosporioides* MTCC 3439, *C. lindemuthianum* MTCC 8474, *C*. *capsici* MTCC 3414, *C. senegalensis* MTCC 8463 and *A. alternata* MTCC 8459 by encircling, shrinking and ultimately degrading the host hyphae ([Fig. 9](#f9-ppj-31-278){ref-type="fig"}).

Discussion
==========

Antagonist potential of *Trichoderma* species against different fungal phytopathogens has been reported by several researchers in the due course of time ([@b4-ppj-31-278]; [@b41-ppj-31-278]; [@b19-ppj-31-278]; [@b20-ppj-31-278]; [@b34-ppj-31-278]; [@b48-ppj-31-278]; [@b25-ppj-31-278]). *Trichoderma* spp. especially *T. viride* and *T. harzianum* exhibit substantial variability among strains with respect to their antagonistic activity and host range ([@b53-ppj-31-278]). Thus, new strains of the *Trichoderma* spp. from the rhizospheric vicinity of the host plant, which may exhibit potentially better bio controlling activity against a range of pathogens of the respective host plant, must be explored to have industrially promising strain (s). The study was carried out to screen native 49 strains of *Trichoderma* spp. from the rhizospheric soils of tea gardens of Assam (northeastern part of India), recognized as world's largest tea growing region (<http://en.wikipedia.org/wiki/Assam_tea>), against two economically important fungal pathogens namely *P. theae* (grey blight disease) and *F. solani* (dieback disease) of tea plant. Among the antagonists, the strain designated as SDRLIN1 registered higher antagonistic activity against both tested tea fungal phytopathogens in dual culture method ([Fig. 1](#f1-ppj-31-278){ref-type="fig"}). The taxonomic identity of the antagonist SDRLIN1 was ascertained by macroscopic and microscopic features (Kubicek and Harman, 2002) and further by ITS sequencing as *T. viride*.

Further screening of the strain SDRLIN1 against different isolates of *P. theae* (n=21) and *F. solani* (n=21) revealed wide-ranging antagonism ([Table 2](#t2-ppj-31-278){ref-type="table"}). This suggested that different strains of a particular pathogenic fungal species may show variable response in terms of inhibition for a particular antagonist. Therefore as a whole, *T. viride* strain SDRLIN1 showed 50.51% and 63% (mean percent inhibition value) antagonistic activity against the isolates of *P. theae* and *F. solani* respectively. Moreover, the antagonist also showed \>50% inhibitory activity against other five tested standard fungal phytopathogens namely *C. capsici* MTCC 3414, *A. alternata* MTCC 8459, *C. senegalensis* MTCC 8463, *C. lindemuthianum* MTCC 8474 and *C. gloeosporioides* MTCC 3439 ([Table 3](#t3-ppj-31-278){ref-type="table"}). The results of the dual culture assay suggested that the strain SDRLIN1 exhibits broad spectrum antagonistic activity which is quiet substantial in terms of biocontrol perspectives. The efficacy of *Trichoderma* sp. against a wide range of fungal pathogens is well supported by earlier studies ([@b61-ppj-31-278]; [@b62-ppj-31-278]). The antagonistic activity of *Trichoderma* against phytopathogenic fungi in dual cultures is attributed to the ability of the former to produce diffusible and volatile metabolites as well as certain extracellular hydrolytic enzymes ([@b20-ppj-31-278]). In the present study each plant fungal pathogen responded differently to the diffusible or volatile metabolites of the strain SDRLIN1 in dual culture which is in accordance with the earlier study of [@b11-ppj-31-278] who reported that *T. harzianum* produces higher levels of 6-pentyl-α-pyrone (6PAP) in response to specific pathogens, which could be due to direct interaction or recognition and response of the antagonist to presence pathogen, considering the possibility that some pathogens can produce extracellular enzymes, protein or metabolites that lead the antagonist to produce high levels of antifungal metabolites.

Cell free culture filtrate from different growth phases was used in the present study to demonstrate the possible best optimal stage of the growth period exhibiting optimum concentration of extracellular antifungal metabolite (s) corresponding to highest antagonistic activity of the strain *T. viride* SDRLIN1. The culture filtrate obtained from the stationary phase (i.e. after 20 days of incubation period) displayed highest inhibition activity against majority of the tested fungal phytopathogens in varied degrees at 50% (v/v) concentration ([Table 2](#t2-ppj-31-278){ref-type="table"} and [Table 3](#t3-ppj-31-278){ref-type="table"}). The decrease in the degree of fungal growth inhibition corresponded to the decrease in (v/v) concentration (data not shown). The present study reported that the growth inhibitory effect of culture filtrate increases with the extension of fungal incubation period ([Fig. 3](#f3-ppj-31-278){ref-type="fig"}). However, previously most of the workers explored 10 days old culture filtrate of *Trichoderma* species for antagonistic activity against different phytopathogens ([@b8-ppj-31-278]; [@b42-ppj-31-278]; [@b39-ppj-31-278]). The results therefore indicated that fungal growth suppression happened due to the presence of optimal concentration of extracellular antifungal metabolites in the 20 days old culture filtrate of the antagonist. Hence, the ideal growth phase of an antagonist corresponding to maximum inhibitory activity against a range of pathogens is very much important for commercial viability in the field of biocontrol.

The antagonist showed statistically significant differences (*P*\<0.05) in the inhibitory activity in dual culture and cell free culture filtrate (50% v/v) assay against majority of the tested fungal phytopathogens. The strain SDRLIN1 displayed considerably higher inhibitory activity (*P*\<0.05) against majority of the tested isolates of *P. theae* pathogen in cell free culture filtrate assay. In contrary, the strain exhibited noticeably higher antagonistic activity (*P*\<0.05) against most of the tested *F. solani* isolates in dual culture ([Table 2](#t2-ppj-31-278){ref-type="table"}). Similarly, out of five tested standard phytopathogenic fungi, *C. capsici* and *C. gloeosporioides* were inhibited significantly (*P*\<0.05) in dual culture whereas *A. alternate* and *C. lindemuthianum* in cell free culture assay. However, no significant difference in terms of inhibition was noted for *C. senegalensis* in both methods ([Table 3](#t3-ppj-31-278){ref-type="table"}).

The higher antagonistic activity of the strain SDRLIN1 recorded against majority of the *F. solani* strains, *C. capsici* and *C. gloeosporioides* in dual culture assay may be attributed to the synergistic effect of diffusible and volatile metabolites as well as certain extracellular hydrolytic enzymes produced by the antagonist or may be due to certain interesting interaction between antagonist and pathogen, inducing the former to either produce some specific antifungal metabolites or overexpression of certain antifungal compound (s). Apart from this, the maximum inhibitory activity displayed by the antagonist in cell free culture assay against most of the *P. theae* isolates, *A. alternate* and *C. lindemuthianum* is solely attributed to the extracellular antifungal metabolites ([@b54-ppj-31-278]). The present study, therefore demonstrated that a particular antagonist may respond differently against either a strain of a specific pathogen or dissimilar pathogen (s). The earlier workers solely concentrated on demonstrating the *in vitro* antagonism of *Trichoderma* species against different pathogens ([@b14-ppj-31-278]; [@b16-ppj-31-278]; [@b49-ppj-31-278]; [@b51-ppj-31-278]; [@b25-ppj-31-278]). However, the current study has revealed that number of strains of a particular pathogen must be taken in account *in vitro* studies to demonstrate the antagonistic potential of *Trichoderma* species or of any other potent antagonist so that a range of inhibition can be determined, which is extremely important to validate the efficacy of a certain antagonist against a particular pathogen.

The production of extracellular hydrolytic enzymes, apart from other secretory antifungal metabolites, by *Trichoderma* species and their role in antagonism are very well established in the past. In the present study, investigation was carried out on the effect of incubation period on the production of cellulase, β-1,3-glucanase, pectinase, proteases, amylase and chitinase by *T. viride* strain SDRLIN1 in terms of their respective IU/ml activity and correlation with the antagonistic activity. The strain displayed highest cellulase, pectinase, β-1,3-glucanase and amylase activities after 8 days of incubation period and, thereafter the activity of respective enzymes decreased. However, the activity of proteases and chitinase was noted maximum at 20 and 14 days of incubation period respectively ([Fig. 6](#f6-ppj-31-278){ref-type="fig"}). The observation was significant as 20 days old culture filtrate of the antagonist demonstrated highest inhibition activity against the majority of the tested fungal phytopathogens. The study thus revealed that though the concentration of certain mycolytic enzymes like cellulase, pectinase and β-1,3-glucanase except chitinase and proteases was highest at the early growth phase, the antagonistic activity of the strain SDRLIN1 was highest at the stationary phase which comprises of optimum concentration of all hydrolytic enzymes, acting synergistically in the inhibitory activity. The present investigation therefore, not only specified the role of hydrolytic enzymes in aiding biocontrol potentiality of *Trichoderma* spp. As reported earlier by workers ([@b17-ppj-31-278]; [@b30-ppj-31-278]; [@b44-ppj-31-278] and Kumar, 2010) but also showed that the optimal blend of these hydrolytic enzymes is necessary for significant biocontrol activity against different pathogens. Moreover, the antagonists usually secrete more proteases to suppress the action of pectinase and chitinase enzymes produced by several plant pathogens ([@b46-ppj-31-278]). The current study thus further proven it with the antagonistic activity of the 20 days old culture filtrate of *Trichoderma* strain SDRLIN1 being highest against the plant pathogen ([Fig. 4](#f4-ppj-31-278){ref-type="fig"} and [Fig. 5](#f5-ppj-31-278){ref-type="fig"}).

The effects caused by extracellular metabolites of the strain SDRLIN1 on the hyphal morphology of the pathogen were also studied through light microscopy. A greater degree of alteration of hyphal morphology in the form of distortion, swelling and even aggregation of the cytoplasm was noted on PDA amended with 50% (v/v) stationary culture filtrate ([Fig. 7](#f7-ppj-31-278){ref-type="fig"}). It has been reported that lytic enzymes such as β-1,3-glucanases, chitinases and proteases produced by antagonistic strains are responsible for such changes in the hyphal morphology ([@b13-ppj-31-278]). The observations of this study further highlighted the importance of these lytic enzymes in the antagonistic activity of *Trichoderma* strain against various pathogens.

On the basis of findings from *in vitro* studies, it is assumed that the combination of extracellular hydrolytic enzymes and secondary antifungal metabolite (s) of antagonist SDRLIN1 are acting synergistically in the inhibition of fungal growth. To recognize whether all components involved in the antagonistic activity of the strain SDRLIN1 are proteinase K and heat sensitive, the 20 days old stationary culture filtrate of the antagonist was treated with proteinase K and heat. The experiments with proteins K and heat treated culture filtrate showed a significant reduction (*P*\<0.05) in the antifungal activity against *P. theae*, *F. solani* and *C. gloeosporioides* compared to the inhibitory activity of the untreated stationary culture filtrate. Moreover, significant differences in the percent growth inhibition of respective test pathogens were also noted between proteinase K and heat treated culture filtrates. However, importantly, none of the treatment had completely reduced the antifungal activity ([Fig. 8](#f8-ppj-31-278){ref-type="fig"}). Thus, the present study revealed that the antifungal potential of the stationary culture filtrate of the strain SDRLIN1 was largely due to the presence of unknown thermostable as well as thermolabile antifungal compound (s) rather than to solely the presence of hydrolytic enzymes. The species of *Trichoderma* are known to produce a number of secondary metabolites like trichodermin, trichodermol, harzianum A, harzianolide etc., apart from lytic enzymes that play significant role in the antagonistic activity ([@b15-ppj-31-278]).

Microscopic study of the interaction region between test fungal pathogens with *T. viride* strain SDRLIN1 showed mycoparasitic behavior of the latter. The antagonist grew on the surface of the test pathogens and coiled around their mycelia and later penetrating their cell walls without formation of appersorium like structures ([Fig. 9A](#f9-ppj-31-278){ref-type="fig"}). The pathogen mycelia, then disintegrated suggesting both mechanical and enzymatic action ([Fig. 9B](#f9-ppj-31-278){ref-type="fig"}). Mycoparasitism mainly relies on the production of fungal cell wall degrading enzymes ([@b18-ppj-31-278]). Earlier several workers have reported the role of chitinolytic and β-1,3-glucanases enzymes in biocontrol by *Trichoderma* strains. These enzymes function by breaking down the polysaccharides, chitin and glucans that are responsible for the rigidity of fungal cell walls, thereby destroying cell wall integrity limiting the growth of the pathogen ([@b31-ppj-31-278]; [@b37-ppj-31-278] and [@b50-ppj-31-278]).
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![Phylogram based on ITS rDNA region, showing the position of *Hypocrea rufa* (*Trichoderma viride*) strain SDRLIN1. The evolutionary history was inferred using Neighbour-Joining method and evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of base substitutions per site. The analysis involved 22 nucleotide sequences.](ppj-31-278f2){#f2-ppj-31-278}

![*In vitro* antifungal activity of SDRLIN1 against (A) *C. capsici* MTCC 3414, (B) *A. alternata* MTCC 8459, (C) *C. senegalensis* MTCC 8463, (D) *C. lindemuthianum* MTCC 8474 and (E) *C. gloeosporioides* on PDA plates.](ppj-31-278f3){#f3-ppj-31-278}

![Antifungal activity of cell free culture filtrates of the antagonist SDRLIN1against *P. theae* isolate.](ppj-31-278f4){#f4-ppj-31-278}

![Effect of culture filtrates of strain SDRLIN1 on radial growth of *P. theae*.](ppj-31-278f5){#f5-ppj-31-278}

![Activity profile of hydrolytic enzymes secreted by the antagonist SDRLIN1.](ppj-31-278f6){#f6-ppj-31-278}

![Light microscope photography (40×) showing hyphal morphology of 3 days old culture of *P. theae* on PDA amended with 50% (v/v) culture filterate of *Trichoderma* strain SDRLIN1. The arrows indicate distortion of hypha.](ppj-31-278f7){#f7-ppj-31-278}

![Effects of proteinase K and heat on the antifungal activity of culture filtrates of *Trichoderma* strain SDRLIN1to phytopathogenic fungi.](ppj-31-278f8){#f8-ppj-31-278}

![Light microscope photograph (10×) (A) showing profuse growth of antagonist (SDRLIN1) and its interaction with the pathogen resulting in barrier formation (indicated by red arrows). (B) Showing scanty growth of pathogen and disintegration of its hyphae (indicated by blue arrows).](ppj-31-278f9){#f9-ppj-31-278}

###### 

Growth characters of *Trichoderma viride* strain SDRLIN1

  Characters             Description
  ---------------------- --------------------------------------------------------------------------------------------------------------------
  Colony morphology      Dark green with cushion shaped structures
  Microscopic features   Conidia round, diameter 1.5 μmChalmydospores, 7.3 × 6 μmPhialide, 7.1 × 1.3 μmConidiophore branched, 10.5 × 1.2 μm
  Growth rate (mm)/day   Colony matures approximately in 3 days; 26.66 mm / day

###### 

Assessment of antagonistic activity of strain SDRLIN1against isolates of *Pestalotia theae* and *Fusarium solani*

  Isolates   Test fungi                                                                                                                                                                                                                                                        
  ---------- ---------------------------------------------------- ---------------------------------------------------- --------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------
  1          52.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.93   55.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23   n.s.                                          44[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.87     60.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.14   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  2          54.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.35   48.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.58   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   32[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.58     50[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.22     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  3          60.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.67   70[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.69     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   50[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.58     40[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.87     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  4          55.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.72   60[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   57.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.39   58[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.581    n.s.
  5          70.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.89   60[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   60.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.43   42.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.80   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  6          59.9[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.13   57.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.94   n.s                                           49.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.13   55[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  7          42.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.88   55.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.64   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   55.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.44   56.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.14   n.s.
  8          50[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.22     46.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.81   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   46.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.23   57.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.18   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  9          75[±](#tfn1-ppj-31-278){ref-type="table-fn"}5.56     60[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   55.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.64   55[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.22     n.s
  10         69[±](#tfn1-ppj-31-278){ref-type="table-fn"}7.74     48.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.58   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   36.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}0.41   69.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.15   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  11         59.6[±](#tfn1-ppj-31-278){ref-type="table-fn"}0.74   60[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.23     n.s.                                          64[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.16     66.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.13   n.s
  12         58.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}4.65   48.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.38   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   36.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}0.83   65.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.92   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  13         66.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}6.54   58[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.58     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   43.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.05   63.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.30   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  14         68.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.38   53.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.98   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   43.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.07   63.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.27   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  15         75.8[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.33   54[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.73     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   42.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.22   64.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.34   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  16         67[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.79     53.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.98   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   58.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.30   72.7[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.98   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  17         72[±](#tfn1-ppj-31-278){ref-type="table-fn"}5.71     47.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.32   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   41.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}0.89   46.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.40   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  18         62.5[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.80   73.3[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.98   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   63.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.14   70[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.87     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  19         66[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.87     56.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.78   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   58.9[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.51   59.2[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.58   n.s.
  20         64[±](#tfn1-ppj-31-278){ref-type="table-fn"}3.16     58.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.67   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   71.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.38   56.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.60   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}
  21         74.4[±](#tfn1-ppj-31-278){ref-type="table-fn"}2.96   70[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.87     [\*](#tfn2-ppj-31-278){ref-type="table-fn"}   51.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.88   60.1[±](#tfn1-ppj-31-278){ref-type="table-fn"}1.58   [\*](#tfn2-ppj-31-278){ref-type="table-fn"}

± Standard deviation,

Significant *p*\<0.05,

Not Significant *p*≥0.05

###### 

Assessment of antagonistic activity of strain SDRLIN1 against phytopathogenic fungi

  Phytopathogenic fungi                          Percent inhibition                                   Significant                                          
  ---------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------
  *Colletotrichum capsici* (MTCC 3414)           65.7[±](#tfn4-ppj-31-278){ref-type="table-fn"}1.71   18.7[±](#tfn4-ppj-31-278){ref-type="table-fn"}3.24   [\*](#tfn5-ppj-31-278){ref-type="table-fn"}
  *Alternaria alternate* (MTCC 8459)             56.0[±](#tfn4-ppj-31-278){ref-type="table-fn"}2.44   69.0[±](#tfn4-ppj-31-278){ref-type="table-fn"}3.87   [\*](#tfn5-ppj-31-278){ref-type="table-fn"}
  *Curvularia senegalensis* (MTCC 8463)          55.1[±](#tfn4-ppj-31-278){ref-type="table-fn"}1.74   53.1[±](#tfn4-ppj-31-278){ref-type="table-fn"}2.30   n.s.
  *Colletotrichum lindemuthianum* (MTCC 8474)    54.7[±](#tfn4-ppj-31-278){ref-type="table-fn"}2.99   68.7[±](#tfn4-ppj-31-278){ref-type="table-fn"}3.45   [\*](#tfn5-ppj-31-278){ref-type="table-fn"}
  *Colletotrichum gloeosporioides* (MTCC 3439)   51.1[±](#tfn4-ppj-31-278){ref-type="table-fn"}3.11   22.2[±](#tfn4-ppj-31-278){ref-type="table-fn"}1.89   [\*](#tfn5-ppj-31-278){ref-type="table-fn"}

± Standard deviation,

Significant *p* \< 0.05,

Not significant *p* ≥ 0.05
